Mycobacterium tuberculosis (Mtb), the intracellular pathogen that infects macrophages primarily, is the causative agent of the infectious disease tuberculosis in humans. The Mtb genome encodes at least six epoxide hydrolases (EHs A to F). EHs convert epoxides to trans-dihydrodiols and have roles in drug metabolism as well as in the processing of signaling molecules. Herein, we report the crystal structures of unbound Mtb EHB and Mtb EHB bound to a potent, low-nanomolar (IC 50 ≈ 19 nM) urea-based inhibitor at 2.1 and 2.4 Å resolution, respectively. The enzyme is a homodimer; each monomer adopts the classical α/β hydrolase fold that composes the catalytic domain; there is a cap domain that regulates access to the active site. The catalytic triad, comprising Asp104, His333 and Asp302, protrudes from the catalytic domain into the substrate binding cavity between the two domains. The urea portion of the inhibitor is bound in the catalytic cavity, mimicking, in part, the substrate binding; the two urea nitrogen atoms donate hydrogen bonds to the nucleophilic carboxylate of Asp104, and the carbonyl oxygen of the urea moiety receives hydrogen bonds from the phenolic oxygen atoms of Tyr164 and Tyr272. The phenolic oxygen groups of these two residues provide electrophilic assistance during the epoxide hydrolytic cleavage. Upon inhibitor binding, the binding-site residues undergo subtle structural rearrangement. In particular, the side chain of Ile137 exhibits a rotation of around 120°about its C α -C β bond in order to accommodate the inhibitor. These findings have not only shed light on the enzyme mechanism but also have opened a path for the development of potent inhibitors with good pharmacokinetic profiles against all Mtb EHs of the α/β type.
Introduction
Mycobacterium tuberculosis (Mtb) infects one-third of the world's population; approximately 2 million people die every year because of tuberculosis (TB) despite the worldwide use of the bacille CalmetteGuerin vaccine and several antibiotics. 1 Someone gets newly infected by Mtb every 4 seconds and someone dies of TB every 15 seconds. 1 TB has remained the 'Captain of Death' in Asia and Africa. Therefore, the development of new anti-TB compounds is of paramount importance. Furthermore, the emergence of multidrug resistant and extensively drug resistant strains of this debilitating human pathogen has led to further studies designed to explore the various factors responsible for the survival of this organism. The Mtb structural genomics consortium †, formed in 2000, aims to determine the three-dimensional structures of Mtb proteins that not only would advance the understanding of Mtb pathogenesis but also will help in the development of small-molecule inhibitors against potential drug targets using a structurebased drug design approach. 2 In fact, several promising small-molecule anti-TB compounds have emerged through this approach. 3 Sequencing of the complete genome of Mtb strain H37Rv (4.4 Mbp) has revealed the genes for at least six potential epoxide hydrolase (EH) proteins (open reading frames Rv0134, Rv1124, Rv1938, Rv2214c, Rv3617, and Rv3670) belonging to the virulence, detoxification, and adaptation functional category that encompasses 2.4% of the entire Mtb genome. 4 EHs convert epoxides to trans-dihydrodiols, and in numerous organisms, EHs have demonstrated roles in detoxification as well as in the regulation of signaling molecules that affect homeostasis and defense systems. 5 In mammals, EHs, present in large quantities in the liver, are drug targets for the regulation of blood pressure, inflammation, cancer progression, and kidney failure [6] [7] [8] ; numerous orally and metabolically stable inhibitors have been developed against these mammalian EHs. 9, 10 The structure of Rv2470 from Mtb, initially annotated as a conserved hypothetical protein, revealed an atypical EH, not of the α/β fold type, and similar to that of limonene-1,2 EH from Rhodococcus erythropolis. 11, 12 Sequence analyses show that the Mtb genome encodes around 30 EHs including the 6, listed above, that are annotated as EHs. The presence of such a large number of EHs in Mtb suggests that they might be essential for the survival of this bacterium. El-Etr et al. have identified two loci in the Mycobacterium marinum (Mtm) genome, mel 1 (genes melA, melB, melC, melD, and melE) and mel 2 (genes melF, melG, melH, melI, melJ, and melK), of which mel 2 is unique to Mtm and Mtb. 13 It has been shown that Mtm mutants with mutations in mel 1 and mel 2 lose their ability to infect both murine and fish macrophage cell lines. 13 The Mtb homologue of the locus mel 2 consists of genes: Rv1936, Rv1937, Rv1938, Rv1939, Rv1940, and Rv1941. Among these, Rv1938 shares 82% sequence identity with the corresponding Mtm gene, melH, of the mel 2 locus. In light of these findings, we reasoned that Rv1938 (EHB) could be a potential drug target, although TraSH analysis suggests that EH genes are not required for the growth or survival of Mtb during infection. 14, 15 The three-dimensional structures of Mtb EHB should help to shed light on their biological functions and should also help in developing small-molecule inhibitors against these enzymes. Such inhibitors could elucidate the biological role of the enzymes. In this article, we report the crystal structures of Mtb EHB and its complex with a urea-based inhibitor whose IC 50 value is 19 nM. The details of the three-dimensional structure, the enzyme mechanism, and the mode of inhibitor binding are discussed here.
Results and Discussion
The molecular structure
The structures of soluble EHs (sEHs) from humans (555 aa) and mice (554 aa), which were determined previously, have two separate and distinct domains, an N-terminal domain (residues 1-223) that has a fold resembling that of a haloacid dehalogenase and a C-terminal domain (residues 228-555) that corresponds to the EH catalytic domain. 16, 17 The polypeptide chain of EHB (356 aa) from Mtb folds as a single globular protein consisting of two domains, a catalytic α/β hydrolase domain and a cap domain. The structure of EHB is similar to that of the C-terminal domains of the human and mouse sEHs. 16, 17 The hydrolase domain is composed of an eight-stranded, mostly parallel, curved β-sheet sandwiched between five α-helices, a hallmark of the α/β hydrolase fold (Fig.  1) . Helices α1 and α14 are packed on one side of the β-sheet, whereas helices α2, α3, and α12 are packed on the other side of the central β-sheet. If one calculates the centroid of the atomic coordinates of helices α1 and α14 and of helices α2, α3, and α12, these two centroids are located approximately equidistant (10.5 Å) from the centroid of the atomic coordinates of the strands of the central β-sheet (Fig. 1) . Domain 2, the cap, consists of seven α-helices and intervening flexible loops (Fig. 1) . The hydrolase domain is composed of residues 1-129 and 276-356 (59% of the total number of amino acids); the cap domain consists of residues 130-275 (41% of the total number of amino acids). The hydrolase domain is relatively more rigid than the cap domain; this is evident from the low average Bfactor (46.2 Å 2 ) of the atoms that belong to the hydrolase domain relative to the average B-factor of the atoms of the residues comprising the cap domain (61.8 Å 2 ). The first three N-terminal residues of the polypeptide chain and seven residues of the cap domain (207 to 213) are missing in the structure because they are disordered and the electron density associated with these residues is poorly defined. Computation of the electrostatic surface potential suggests that overall the molecule is negatively charged (− 12.00 e) (Fig. 2) ; the cap domain is relatively more negatively charged than the hydrolase domain. The active-site pocket is negatively charged. Human and murine sEHs also exhibit a similar surface charge distribution.
The asymmetric unit of the crystal contains a monomeric EHB of molecular mass 39,265 Da; however, the crystallographic 2-fold symmetry operator of space group P4 1 2 1 2 generates a dimer, an observation that is supported by the sizeexclusion gel chromatography results (data not shown). The Matthews coefficient and solvent content are 2.2 Å 3 /Da and 42.8%, respectively. The catalytic units of EHs from other organisms are also dimers. [16] [17] [18] [19] The dimer interface is stabilized by van der Waals and hydrogen-bonding interactions; 2330 Å 2 of surface area is buried at the interface as compared to the total accessible surface area of each monomer, 13,570 Å 2 . There are a total of 325 hydrogen-bonding interactions in each monomer and nine unique H bonds in the dimer interface. Strands β1 and β2, the loop connecting strand β4 and helix α2, and helices α6, α7, α9, and α10 of one monomer are packed against the corresponding regions of the other monomer in a diagonal manner ( Supplementary Fig. 1 ). Human and mouse EHs have similar monomer-monomer packing in the dimer interface. The β-strands of the hydrolytic domain are labeled β1-β6 and β9 and β10 and represented by arrows. Those β-strands of the cap domain are labeled β7 and β8. The α and 3 10 helices are labeled α1-α14 and η1 to η7 respectively. The β-sheet sits midway between helices α1 and α14 and helices α2, α3, and α12. The average distance separating these secondary structural features is 10.5 Å. The center of coordinates of helices α1 and α14, of helices α2, α3, and α12, and of the β-sheet are shown in yellow, red, and green spheres, respectively. The cap domain is shown in yellow.
Structural comparisons to other EH enzymes
A structural comparison of Mtb EHB with its human, murine, Agrobacterium radiobacter, and Aspergillus niger counterparts and with other hydrolytic enzyme such as the haloalkane dehalogenases [16] [17] [18] [19] [20] suggests that the hydrolase domains overlap well, but that the cap domains exhibit many subtle structural rearrangements. In particular, superimposition of Mtb EHB onto the Cterminal domain (residues 245-542) of the murine EH, the molecule that was chosen as the search model for the structure determination, shows a rootmean-square deviation (rmsd) value of 1.4 Å (273 C α pairs). A substantial part of this difference is due to the poor agreement in the residues of the cap domain. On the other hand, the hydrolase domains agree relatively better (rmsd, 0.93 Å, 185 C α pairs). Furthermore, the superimposition of human and murine EH structures results in an rmsd value of 0.51 Å (287 C α pairs). This shows that the mammalian enzymes are very similar to one another but differ substantially from the bacterial EHs (Fig. 3a) . From the structure-based drug design prospective it is imperative to compare the structure of Mtb EHB with its human counterpart in more detail. The leastsquares superimposition between the two structures results in an rmsd value of 1.3 Å (276 C α pairs). Furthermore, the disposition of the catalytic residues is essentially the same in the two structures. However, in Mtb EHB, the conformation of residues 132-149 (part of the long loop comprising residues 127 to 149 that connect the hydrolase domain to the cap domain), 190-206 and 214-226 of the cap domain, and 303-315 of the hydrolase domain are significantly different from the corresponding chain segments in human sEH (Fig. 3b) . In Mtb EHB, these regions result in a closed substrate binding cavity, whereas in the human sEH structure, the substrate binding region is open to bulk solvent (Fig. 3b) . Moreover, these chain segments are longer in Mtb EHB than the corresponding regions in the human sEH. The volume of the cavity adjacent to the active site of Mtb EHB is approximately 450 Å 3 ( Fig. 4a ). This is a relatively small volume compared to the equivalent volume computed for the sEH of humans, 1650 Å 3 ( Fig. 4b) . The residues that border the substrate binding pocket are listed in Table 1 . Notably, in both human EH and Mtb EHB, the pocket is composed predominantly of hydrophobic residues except the catalytic residues. Clearly the structures suggest that the substrate specificity for the Mtb EHB is for a much smaller molecule than that for human sEH. Should Mtb EHB be a potential target, this difference in substrate specificity would be an advantage in antibiotics design.
The kinetic study that is described below shows that Mtb EHB indeed has a very different substrate specificity than its mammalian counterparts. The other regions of the Mtb EHB structure that have conformations significantly different from those of the human sEH are the N-terminus of the hydrolase domain (residues 20-29), residues 150-163, and residues 227-250 of the cap domain (Fig. 3a) . These regions are also longer in the Mtb EHB structure than those corresponding segments in the human EH. There is another EH known as limonene EH (LEH). LEH converts limonene-1,2 epoxide to limonene-1,2 diol. The crystal structure of LEH from R. erythropolis has been determined. 12 The structure consists of a six-stranded mixed and highly twisted β-sheet with three α-helices packed on one side of it. The structure of Mtb EHB is very different from that of LEH and the two structures cannot be superimposed. The catalytic triad of LEH is composed of Asp-Arg-Asp, whereas the catalytic triad of the sEHs and the EHB from Mtb consists of Asp-His-Asp; the disposition of the residues that form the catalytic triad is significantly different in both classes of EHs.
The active site
The residues forming the active site (Fig. 5 ) and the substrate binding site of Mtb EHB are on the periphery of the cavity (∼450 Å 3 ) that lies between the hydrolase domain and the cap domain. As with the other enzymes of the α/β hydrolase family, Mtb EHB has a catalytic triad comprising the nucleophilic Asp104, a general base His333, and hydrogenbonded to His333, a second Asp302. The nucleophile is the ionized carboxylate of Asp104 and this residue is on a short loop connecting strand β5 to helix α3, known as the "nucleophilic elbow".
His333 is not a general base for Asp104; rather, it is a general base to activate a water molecule for the second step of the reaction. His333 resides on a longish loop that connects strand β10 and to the small penultimate C-terminal helix α13 of the hydrolase domain (Fig. 5 ). Asp302 plays an orienting role for the imidazole group of His333. Atom O δ1 of Asp302 makes a hydrogen bond with atom N δ1 of the imidazole ring of His333. Asp302 is on the loop that connects strand β9 and helix α12 of the hydrolase domain (Fig. 5) .
Several other residues lining the active-site cavity play important roles in the mechanism. Tyr164 and Tyr272 contribute to the formation of an oxyanion binding site for the epoxide oxygen atom of a substrate. The water molecule that is hydrogen-bonded to N ε2 of the general base His333 likely acts as the nucleophile in the second step of the reaction. The main-chain NH groups of Phe36 and Tyr105 both contribute to forming a second oxyanion hole that helps to stabilize the oxygen of Asp104 in the tetrahedral intermediate of the second step of the reaction mechanism (Fig. 5 ).
There is an acetate ion located in the active-site cavity of the unbound EHB; one of the oxygen atoms of the carboxylate group form H bonds with the phenolic OH groups of Tyr164 and Tyr272 (Fig. 5) . The role of these above residues in the hydrolysis of epoxides is evident not only from the EHB/inhibitor complex structure, described later in this article, but also from the sequence alignment with EHs from other organisms.
Substrate kinetics and inhibitors of Mtb EHB
In order to establish that Rv1938 effectively encodes for an EH, we tested the ability of the purified recombinant EHB to hydrolyze several commonly used epoxide-containing substrates ( Table 2 ). The enzyme displays a good specific activity for the three relatively small aromatic substrates tested (1-3). Like mammalian and plant sEHs, 21 Mtb EHB is roughly 10-fold more active on
3 H] trans-stilbene oxide (2). However, the bacterial enzyme is twice more active on the [
3 H]cis-stilbene oxide (3) than on the trans-isomer 2, contrary to the described mammalian and plant sEHs. 21 Whereas Mtb EHB is active against the terpenoid epoxide 4, no detectable activity was found for epoxy-stearic acid 5. These results indicate a substrate selectivity of Mtb EHB, and thus a biological role, very different from the one reported for the mammalian or plant sEH. 5 We also tested the activity of Mtb EHB towards a fluorescent substrate 6 that was developed to screen inhibitors of the mammalian sEH. 22 While the activity of Mtb EHB is relatively low for 6, it was high enough to allow us to screen the potency of 20 urea-based EH inhibitors (Table 3) . Overall, there is no correlation (r 2 = 0.06) between the inhibitor selectivity of Mtb EHB and of the human sEH, suggesting that it will be necessary to directly screen the bacterial enzyme to find the best inhibitor for it. Furthermore, there is little risk that such inhibitors will cross-react with the human sEH and lead to undesirable side effects. 5 The bacterial enzyme is inhibited more effectively by small aromatic compounds such as 7, whose structure is similar to the best substrate 1 found. For 7, the IC 50 (19 nM) is very close to the enzyme concentration used in the assay ([E] = 30 nM), suggesting a tight binding competitive inhibition. Interestingly, the potency of 7 was reduced by an order of magnitude in the presence of substituents on the phenyl rings (8) (9) (10) (11) or by replacing both aromatic rings with two cycloalkyl rings (12 and 13) ; however, an inhibition potency similar to that of 7 is obtained when only one phenyl ring was replaced by adamantyl 14. The replacement of one of the urea substitution by more polar and larger groups (15-26) results in a large loss of inhibition potency. Overall, these results confirm the structural results that the active site of Mtb EHB is relatively small and hydrophobic.
Potent inhibitor binding to Mtb EHB
The discovery of potent low-nanomolar urea-based inhibitors (Table 3) has encouraged us to obtain the structures of these inhibitors bound to EHB. Not only will the structure of the complex provide insights into the enzyme mechanism but also, it will aid in the understanding of the enzyme inhibition at the molecular level. Such knowledge will aid in improving on this inhibitor by increasing its potency and an enhanced pharmacokinetic profile if it shows promise as an antibiotic. We have been able to obtain the structure of EHB bound to the carbanilide inhibitor (C 13 H 12 O 1 N 2 , compound 7 in Table 3 ) at 2.4 Å resolution. This compound, comprising a central urea moiety with two benzyl groups linked to the two nitrogen atoms of the urea motif, is a flat and symmetrical molecule with a C 2 symmetry axis passing through the carbonyl group of the urea motif. The mode of inhibitor binding to EHB was identified unambiguously from a difference Fourier |F o | − |F c |, α c electron density map. The inhibitor binds tightly to EHB; this is evident from the quality of the electron density map (Fig. 6a) . The residues that border the inhibitor binding pocket are Phe36, Asp104, Trp105, Pro108, Val136, Ile137, Tyr164, Gln165, Leu189, Val193, Leu226, Tyr272, His333, and Trp334 (Fig. 6b) . Among these, Phe36, Tyr164, Leu189, Val193, His333, and Trp334 are packed onto one side of the symmetry axis of the inhibitor, whereas Trp105, Pro108, Val136, Ile137, Gln165, and Tyr272 are packed on the other side of the symmetry axis. The side-chain atoms (C β , C γ , O δ1 , and O δ2 ) of Asp104, the carbonyl group of the inhibitor, and the phenolic O η atoms of Tyr164 and Tyr272 are almost coplanar. The binding pocket is relatively hydrophobic and encloses a volume of ∼450 Å 3 , around 15 times the volume of a water molecule (30 Å 3 ). The O δ1 atom of Asp104 is hydrogen bonded (both 2.9 Å) to the amide nitrogen atoms of the urea moiety of the inhibitor (Fig. 6b) . The carbonyl oxygen atom of the urea motif of the inhibitor makes two hydrogen bonds, one to Tyr164 (2.5 Å) and one to Tyr272 (3.2 Å). Other interactions between the enzyme and the inhibitor are mainly van der Waals contacts except that one phenyl group stacks with the indole ring of Trp105, thus corroborating well with the observed better electron density for this ring (Fig. 6a) . The centroids of the atomic coordinates of the indole ring and the benzyl group of the inhibitor are 4.0 Å apart, a typical distance for the stacking interaction.
Sequence alignment
A sequence comparison among the six Mtb EHs and human sEH suggests that Asp104, His333, and Asp302 are conserved across all except that Asp104 is not conserved in EHE and Asp302 and His333 are not conserved in EHD (Fig. 7) . Among the six Mtb EHs, EHD has the longest polypeptide chain (592 amino acids), and prediction shows that it has a small transmembrane domain (residues 164-186). This probably indicates that EHD and EHE belong to another class of EH. Among the residues lining the inhibitor binding pocket, only Phe36 is conserved across six Mtb and human EHs. Since all other residues that interact with the inhibitor are different, there may be a variation in the substrate specificity among the Mtb EHs.
The hydrolytic mechanism of Mtb EHB There are two main steps in this proposed mechanism. The first is associated with the epoxide ring opening as a result of the nucleophilic attack by the carboxylate of Asp104 on the "C2" atom of the epoxide (Fig. 8) . The resulting covalently attached intermediate is an ester. Hydrolysis of this ester constitutes the second step of the reaction.
Based on the Mtb EHB structure, the structure of the bound inhibitor 7 discussed above and the previously determined structures of sEHs from various other organisms, [16] [17] [18] [19] we propose that the phenolic hydroxyl groups of Tyr164 and Tyr272 form an oxyanion stabilizing unit to provide electrophilic assistance for ring opening of the epoxide (top right of Fig. 8 ). The hydroxyl groups of Tyr164 and Tyr272 would be oriented in line and hydrogen-bonding with the two lone pair electrons on the epoxide ring oxygen atom. The ionized carboxylate of Asp104 acts as a nucleophile to attack the epoxide ring carbon atom forming a covalently attached ester bond with the substrate (top right of Fig. 8 ). Associated with this attack, the polarized epoxide oxygen-carbon bond would break with the negative charge on the resulting oxyanion stabilized by the two phenolic OH groups. Whether one of these OH groups actually donates a proton to the substrate oxyanion is not determinable. The proton needed to form the product hydroxyl group on C1 could come from the second step in the mechanism, the hydrolysis of the ester.
In the second step, the water molecule is activated to a strongly nucleophilic hydroxide ion so that it attacks the carbonyl carbon atom of the ester intermediate. This nucleophilic attack is assisted by the general base function of the imidazole of His333. In addition, the two mainchain NH groups of Phe36 and Tyr105 form a second oxyanion hole to stabilize the negatively charged oxygen of the tetrahedral intermediate (bottom right of Fig. 8 ). Collapse of this intermediate results in the cleavage of the ester bond to produce the hydroxide on C2 of the substrate (bottom left of Fig. 8 ). The second possible source for the proton needed to produce the C1 hydroxyl is the dissociation of the protonated imidazole that resulted from its general base function on the water.
Conformational changes upon inhibitor binding and mechanism of inhibition
Upon inhibitor binding, the overall structure of Mtb EHB does not undergo major conformational changes as is evident from the small rmsd value (0.20 Å for 328 C α pairs) upon superimposing the free and inhibitor-bound Mtb EHB structures. The conformations of catalytic residues Asp104, Tyr164, Tyr272, Asp302, and His333 are essentially the same between the free and inhibitor-bound structures. This suggests that these catalytic residues remain relatively rigid upon substrate binding. However, some of the residues in the inhibitor binding site do undergo subtle structural rearrangement. Notably, the side chain (C γ1 , C γ2 , and C δ1 ) of Ile137 rotates approximately 120°about its C α -C β bond in order to accommodate the inhibitor (Fig. 9) . More importantly, the carboxamide moiety of Gln165 rotates about its C β -C γ bond so that the N ε2 atom can form a strong hydrogen bond (2.8 Å) with the Oη of Tyr164. The N ε2 atom of Gln165 of the inhibitorbound structure moves approximately 2 Å towards Tyr164 with respect to its position in the free enzyme. Also, the side chain ( C γ , C δ1 , and C δ2 ) of Leu226 exhibits a conformational change about its C α -C β bond upon inhibitor binding. The C γ , C δ1 , and C δ2 atoms of Leu226 are not well defined in the electron density in either of the structures. These flexible residues-Ile137, Gln165, and Leu226-belong to the cap domain. This is another line of evidence that the cap domain is inherently flexible. As expected, the catalytic water molecule, shown in Fig. 5 , is conserved between the free and inhibitorbound structures. Since the inhibitor binds competitively to the active site, in a similar manner as would a substrate of EHB, and makes hydrogen bonds to the nucleophile Asp104 and to the electrophilic groups Tyr164 and Tyr272, the inhibitor freezes the enzyme into an inactive form.
Conclusions
TB poses a global threat to the human population. The identification of the various factors, through a multidisciplinary approach, that are responsible for the survival of Mtb in host macrophages would not only help in a more complete understanding of the pathogenesis of this bacterium but also would help in designing small-molecule inhibitors against these factors. In light of the fact that mammalian EHs have been targeted for development of drugs for various diseases, Mtb EHs that are involved in a detoxification pathway could be among the potential drug targets for the development of antituberculars. To have more insight into the detailed role of these enzymes in Mtb pathogenesis, knocking out the EH gene(s) from the Mtb genome and examining the effect of these genes on the bacterial growth in cell colony would be interesting. The EHB crystal structure represents the first structure of an α/β hydrolase type from Mtb. Although the overall structure of Mtb EHB is similar to that of the human sEH, there are differences in the details of the structures. In particular, Mtb EHB has a longer loop that connects the hydrolase and the cap domains than does human sEH. The loop may be vital for controlling the substrate specificity of Mtb EHB. This detailed structural information can be used in the design of other small-molecule inhibitors specific only to Mtb. Since similar urea-based inhibitors inhibit the human and murine EHs that have been targeted for the regulation of blood pressure, cancer progression, and the onset of several other diseases, the carbonilide inhibitor against Mtb EHB represents an excellent lead compound to develop enhanced structural-based inhibitors against these EHs. Such inhibitors could lead to novel means to treat TB.
Materials and Methods
Cloning, expression, purification, and crystallization
The details of cloning, expression, purification, and crystallization of Mtb EHB have been published elsewhere. 23 Briefly, the plasmid containing Rv1938 and an N-terminal hexahistidine tag was expressed in Escherichia coli BL21 (DE3) pLysS cells (Novagen). The expression was induced by adding IPTG to a final concentration of 1 mM. Rv1938 was purified by the metal-affinity chromatography method using a Nicharged immobilized column (GE Healthcare). Crystals were grown in hanging drops containing equal volumes (1 μl) of the protein solution (20% isopropanol, 0.2 M CaCl 2 , and 0.1 M sodium acetate buffer, pH 4.6) and the reservoir solutions and equilibrated against 1 ml of the reservoir solution (20% isopropanol, 0.2 M MgCl 2 , 0.1 M sodium acetate buffer, pH 4.5). The EHB/inhibitor complex crystals were produced by soaking the unbound EHB crystals in 1 mM solutions of the carbanilide inhibitor 7 (Table 3) .
Enzyme assays
The EH activity was measured using as substrates compounds 1 to 6 ( 12,000 dpm/assay). The enzymes were incubated at 30°C for 10 min, and the reaction was quenched by addition of 60 μl of methanol for 1 (none for 2 and 3) and 200 μl of isooctane for 1 (250 μl for 2 and 3). This treatment extracts the remaining epoxide from the aqueous phase. The activity was followed by measuring the quantity of radioactive diol formed in the aqueous phase using a liquid scintillation counter (Wallac Model 1409, Gaithersburg, MD). Assays were performed in triplicate. Racemic 3 H-labeled juvenile hormone III (4) and 14 C-labeled cis-9,10-epoxystearic acid (5) EH activities were measured as described. 25, 26 Activity with the fluorescent substrate cyano(6-methoxy-naphthalen-2-yl) methyl trans-[(3-phenyloxiran-2-yl)methyl] carbonate (6) was measured as described, 21 using 6-methoxy-naphthaldehyde as standard.
Inhibitor assay
IC 50 values were determined using compound 6 as the substrate. 21 Mtb EHB ([E] ∼ 30 nM; 1.5 g/ml) was incubated with inhibitors ([I] = 5-100,000 nM) for 5 min in BisTris-HCl buffer (25 mM, pH 7.0, containing 0.1 mg/ ml of bovine serum albumin) at 30°C prior to substrate introduction ([S] = 5 μM). Enzyme activity was measured by monitoring the appearance of fluorescent of 6-methoxy-naphthaldehyde (λ ex 330 nm and λ em 465 nm) on a SpectraMax M2 microplate reader (Molecular Devices, Sunnyvale, CA). Assays were performed in triplicate. By definition, IC 50 values are concentrations of inhibitor that reduce enzyme activity by 50%. IC 50 values were determined by regression of at least five datum points, with a minimum of two datum points in the linear region of the curve on either side of the IC 50 values.
Data collection, structure solution, and refinement X-ray data from the native and inhibitor-soaked crystals of Rv1938 were collected at beamline 8.3.1 of the Advanced Light Source (ALS), Berkeley, CA, and at beamline 9.2 of the Stanford Synchrotron Radiation Laboratory (SSRL), Stanford, CA, respectively. In both cases, data sets were integrated and scaled by the programs HKL2000 and SCALEPACK. 27 The data collection and data processing statistics are given in Table 4 . The structure was solved by the molecular replacement method with the program PHASER 28 using the C-terminal domain (residues 245-541) of the murine EH structure (Protein Data Bank ID 1EK1, 3.1 Å resolution) as the search model. A difference Fourier map, |F PI | − |F P |, α calc (|F PI | and |F P | are the structure factor amplitudes of the protein-inhibitor complex and of the apoprotein, respectively), permitted the initial positioning of the inhibitor molecule into the difference electron density. Structure refinement was carried out using the program CNS 1.1. 29 Both structures reported in this paper were refined in the same manner. Initially, the structures were subjected to 50 cycles of rigid-body refinement followed by simulated annealing, then by positional and individual B-factor refinements. Model building, based on electron density maps (2|F o | − |F c | at 1σ and |F o | − |F c | at 3σ contour levels), was performed wherever necessary using the program XtalView. 30 Bulk solvent corrections and anisotropic B-factor scaling were incorporated during the refinement. The stereochemical acceptability of the structures were validated using the program PROCHECK 31 that uses Engh and Huber stereochemistry dictionary. 32 The refinement statistics are presented in Table 4 .
Figure preparation and computation
All figures, except Figs. 7 and 8, were prepared by the program PYMOL ‡. Sequence alignment was performed by the program CLUSTALW 33 and Fig. 7 was prepared using the program ESPript. 34 Figure 8 was drawn using the program Chemdraw §. Structural superimpositions were performed and active-site pocket volumes were calculated using the programs ALIGN 35 and CASTp, 36 respectively.
Protein Data Bank accession codes
The atomic coordinates and the structure factors for the free Mtb EHB and Mtb EHB bound to the inhibitor structures have been deposited in the Protein Data Bank∥ with the accession codes 2E3J and 2ZJF, respectively. Values within parentheses refer to the highest resolution shell. d R overall , R working , and R free = ∑ h (|F(h) obs | − |F(h) calc |)/∑ h |F (h) obs | for all reflections and for reflections in the working and test sets. R free was calculated using 5% of data.
